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. Minimum probability of landslide occurrence in Seattle relative to the rainfall intensity-duration threshold (ID) and ID combined with the antecedent water index (AWI) based on number of days the threshold was exceeded at any rain gage from 
Introduction
Landslides occurring on bluffs and hillsides of Seattle, Washington, and other communities in the Puget Sound region pose a significant hazard to people, public and private property, utilities, and businesses. Landslides occur almost every year during the wet season, which usually lasts from October through April (Thorsen, 1989) . Winter storms have initiated many landslides in 1934 , 1972 , 1986 , 1990 , 1996 , 1997 , and 2001 (Tubbs, 1974 Laprade, 1986; Miller, 1991; Gerstel, 1996; E.L. Harp, USGS, unpub. data, 1996; Gerstel and others, 1997; Baum and others, 1998; Laprade and others, 2000; Chleborad, 2003) . Landslides in 1996 and 1997 caused major damage to private and public property and the deaths of four persons on Bainbridge Island (E.L. Harp, USGS, unpub. data, 1996; M. Pageler, Seattle City Council, unpub. data, 1998; Baum and others, 1998) . The strong association between major landslide events and rainfall as well as increasing needs to anticipate landslide activity to protect public safety and reduce landslide-related losses in Seattle motivated the U.S. Geological Survey (USGS) rainfall threshold research for the Seattle area. Consequently, in 1999, the USGS began a project to identify precipitation thresholds that might be used to anticipate or forecast the occurrence of landslides. The study focused on the compilation and analysis of historical, wet-season landslide and climatic data to explore the observed relationship between rainfall and landslides. The effort resulted in the identification of an empirically derived 3-day and prior 15-day cumulative precipitation threshold for the occurrence of landslides in Seattle (Chleborad, 2000) . Godt (2004) also developed an empirically derived rainfall intensity-duration threshold.
Results of a comprehensive study of historical landslides in Seattle (using data that date back to 1897; Laprade and others, 2000) show that a high percentage of reported landslides occurred in the November through April timeframe. Precipitation in the form of rain, and occasionally snow, is a major factor in the occurrence of landslides. Cyclonic storms that develop over the Pacific Ocean and move inland account for much of the wet-season precipitation. Average November through April precipitation in the Seattle area is approximately 28.0 inches (711 mm), or 73 percent of the mean annual precipitation of 38.2 inches (970 mm); thus almost three-fourths of the rain falls in one-half of the year, implying a rainfall rate in the NovemberApril rainy season that is almost 3 times the rate in the drier season.
In this report, we briefly review the landslide thresholds (Chleborad, 2000 (Chleborad, , 2003 Godt 2004; Godt and others, 2006) , summarize a database of historical landslides used to test the thresholds, summarize our statistical analyses of the rainfall thresholds' exceedance, and describe estimates of the probability of landslide occurrence given exceedance.
Historical Data Landslide Database
The landslide database compiled for this analysis consists of information on 577 reported landslides that occurred in the city of Seattle during the period 1978-2003 ( (Laprade and others, 2000) . Other sources include the City of Seattle landslide files, U.S. Geological Survey reports (E.L Harp, unpub. data, 1996; Baum and others, 1998; Chleborad, 2000 Chleborad, , 2003 , updates to the Shannon and Wilson landslide database, and newspaper reports. The following reported landslides were excluded from our compilation: (1) Landslides identified as not natural, such as landslides initiated by excavation, landslides with a "false" in the date confidence field of the Shannon and Wilson database, and landslides with addresses that could not be located on street maps of Seattle; (2) reported landslides with unknown dates of occurrence (date considered unknown if it could not be confirmed to within a few days); (3) duplicate landslides (those already included in the database); (4) landslides that were likely initiated by the Nisqually Earthquake of February 28, 2001.
In this report, the term landslide includes various types of slope failures both on engineered and on natural slopes. Typically, the landslides exhibited one or more of the following types of movement involving earth or debris: translational slides, flows, rotational slumps, and topples or falls (see Cruden and Varnes, 1996) . It should be noted that studies of landslide occurrence in the Seattle area often reveal a contributing human influence (such as placement of fill materials, improper drainage, leaking or broken water pipes, blocked culverts, excavation, and so forth). In their comprehensive study of historical landslides, Laprade and others (2000) state that a human influence was reported for 84 percent of the landslides in their database of approximately 1,400 historical landslides. The contribution of the human influence factors relative to other factors, however, was not determined. At the generalized scale of this study we treated human influence as a uniform condition because few, if any, undisturbed areas remain in Seattle, and human influence was reported in a majority of the landslides in our database of 577 landslides with known dates of occurrence.
The majority of the 577 landslides in our database are shallow earth or debris slides (usually in colluvium, with a depth less than 2 m), with the remainder being deep earth slides, sand or debris flows, and earth or debris falls. These landslides correspond to four types used in the Shannon and Wilson database (Laprade and others, 2000) as indicated in table 2. The nonstandard terms adopted by Laprade and others (2000) deserve further explanation. A ground-water blowout is a slope failure that occurs where a relatively impermeable deposit is overlain by a permeable deposit; high pore-water pressures that develop in perched water at the base of the permeable deposit result in a sand or debris "blowout" (flow). A high-bluff peel-off is a fall, slide, or topple that occurs on a near-vertical cliff face in glacial or other granular sediment. As indicated in table 2, at least 86 percent (76 percent + 10 percent) of the landslides in our database are earth or debris slides, and most (76 percent) are shallow.
Precipitation was the major natural cause of landslides in the database of approximately 1400 historical landslides compiled by Laprade and others (2000) and discussed by Coe and others (2004) . Ninety-six percent of the 577 landslides in the database compiled for this report occurred during annual November-April wet seasons. As noted previously, however, human influence may have been a factor in the occurrence or initiation of many of the landslides.
Precipitation Data
Ideally, measurements of precipitation would be made with recording devices located at the landslide sites. Because such measurements are rare or do not exist, data from City of Seattle rain-gage network ( fig. 1 ), located closest to the respective landslide locations, were used for our analysis of threshold exceedance and to estimate probability of landslide occurrence. In nearly all cases, the selected stations are located within a few miles of the respective landslides, and it is assumed that the data are sufficiently representative of conditions at the respective landslide locations (M.G. Schaefer, MGS Engineering Consultants Inc., unpub. data, 2003) . Hourly data from the Seattle network were available for the period from 1978 through 2003 at the time the analysis was performed. A few of the gages in the network have incomplete records due to gage malfunction, construction at the gage site, or other unknown circumstances.
Data Limitations
The quality of information on landslides and associated precipitation compiled for this report is variable. Original source documents and reports were carefully examined in an effort to obtain the most accurate data on landslide timing and locations. Nearly all of the landslide locations were field checked, and photographs of the sites were taken. However, the landslides were not studied in detail, and only minimal descriptive information Several limitations affect the accuracy and completeness of historical landslide data compiled for Seattle (Laprade and others, 2000; Chleborad, 2000 Chleborad, , 2003 Coe and others, 2004) . Nonreporting of landslides and uncertainties in the time of occurrence are the limitations that bear most directly on the analysis and conclusions presented in this report.
Reporting of landslides: Reported landslides are most often those that occurred in developed areas that damaged, or threatened to damage, roadways, residential or commercial property, utilities or high-use public property. The degree of nonreporting during the period 1978-2003 is unknown; however, an examination of the record of reported landslides in previously undeveloped areas of Seattle that are susceptible to landslide occurrence suggests that a significant number of landslides may go unreported (Coe and others, 2004) . Therefore, it may be that a considerable number of landslides occurred in Seattle during the period 1978-2003 that are not included in the database (table 1) . Consequently, total numbers of landslides over given intervals of time and percentages and probabilities based on those totals are considered to be the minimum.
Times of occurrence: In conjunction with accurate precipitation records, accurate times of landslide occurrence are needed to estimate amounts of antecedent precipitation associated with landslide occurrence. Exact times (to the nearest hour) of occurrence are usually unknown or unreported, and the accuracy of reported times or dates is variable. The dates of occurrence given in table 1 are from the sources previously cited and are considered the most reliable information available. However, the number, magnitude and significance of inaccuracies are unknown.
Rainfall Threshold Analysis
Cumulative Rainfall Threshold Chleborad's (2000) cumulative precipitation threshold compares the amount of rainfall in the last 3 days (72 hours) to the rainfall in the previous 15 days. The cumulative 3-day/15-day precipitation threshold (CT) is based on an analysis of historical precipitation data associated with wet-season landslides in Seattle during the period 1933-1997. For brevity and consistency throughout the remainder of the paper, this threshold is referred to as the CT.
In the initial part of the study, hourly rainfall data recorded at 17 City of Seattle rain-gage sites and daily climatic data (rainfall, snowfall, and air temperature) from 12 National Weather Service sites in the Seattle area were compiled and analyzed. Antecedent precipitation amounts were estimated using data from stations closest to the individual landslide locations. Information on location and time of occurrence was obtained in a search of City of Seattle landslide files, newspaper reports, geotechnical reports, USGS landslide project files, and personal field notes. The search yielded location and time of occurrence information on 187 historical landslides (Chleborad, 2000) . Most of the landslides in the database of 187 landslides are shallow slumps, slides, or debris flows (estimated failure depths less than or equal to 2 m); however, the database also includes deeper landslides.
To make a prediction of landslides induced by rainfall, a level of landslide activity is needed for which it is a reasonable assumption that rainfall is causally involved. The level selected was three or more landslides in a 3-day (72-hour) period. Inspection of the database revealed that 91 of the 187 slides could be shown to be part of landslide events with three or more landslides in a 3-day period.
Given this level of landslide activity, a rainfall threshold is needed for predicting the occurrence of three or more landslides in a 3-day period. To incorporate the two ideas of antecedent wetness and unusual recent rainfall, two variables were defined: P 3 the 3-day precipitation immediately prior to the landslide event and P 15 , the antecedent precipitation that occurred prior to the 3 days of P 3 . A scatter plot was made of the P 3 and P 15 values corresponding to each landslide event ( fig. 2A ). From this scatter plot, an approximate lower-bound precipitation threshold was defined by the equation P 3 =3.50-0.67P 15 . The precipitation threshold thus defined is interpreted as an approximate lowerbound threshold below which the specified level of precipitationinduced landslide activity does not occur, or occurs only rarely, and above which it may occur under certain conditions. Additional data on 108 historical landslides that occurred in Seattle between 1950 and 1990 (Tubbs, 1974 Laprade and others, 2000) , which were found to be part of 3-day events with three or more landslides but were not part of the original 91 landslides used to define the CT, were subsequently compiled and analyzed (Chleborad, 2003) . As shown in figure 2B , the additional data are consistent with the previously defined threshold; approximately 90 percent of the added data points (filled circles) fall on or above the CT. In addition, the newly plotted data better define the CT for conditions of 15-day cumulative precipitation greater than 3.0 inches. Godt's (2004) intensity-duration threshold (ID) and antecedent water index (AWI) were developed for forecasting major landslide events (multiple landslides in a 24-hour period) in the Seattle area. Godt and others (2006) provide a detailed description of the ID; we provide a brief description here. The ID is defined as I=82.73D -1.13 , in which I is the average rainfall intensity, in millimeters per hour, for the entire storm, and D is the duration, in hours ( fig. 3 ). For rainfall in inches, the ID is defined as I=3.257D -1.13 . On the basis of observed hourly rainfall, rainstorms were bounded by periods of no rainfall at least 3 hours in duration at individual rain gages.
Rainfall Intensity-Duration Threshold and Antecedent Water Index
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Figure 2. Cumulative 3-day and previous 15-day rainfall threshold (CT) (Chleborad, 2000 (Chleborad, , 2003 (A) Preliminary graph showing estimates of 3-day and prior 15-day cumulative precipitation associated with historical landslides that were part of events with three or more landslides in a 3-day period, in Seattle (filled triangles). The solid red line is a lower-bound threshold (visually identified) for the initiation of landslides when the 15-day cumulative is 3.0 inches or less. The dashed horizontal line is a lower-bound threshold that was tentatively proposed for conditions of 15-day antecedent precipitation exceeding 3 inches (Chleborad, 2000) . (B) Graph showing antecedent precipitation associated with an expanded database of 199 historical landslides that occurred in Seattle during the period 1933 -1997 (after Chleborad 2003 . Based on the additional data (filled circles), the original threshold, defined by the equation P 3 = 3.5-0.67P 15 , was extrapolated to the P 15 -axis.
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In addition to rainfall intensity and duration, prestorm (antecedent) soil wetness is a significant factor in rainfall inducement of landslides (Tubbs, 1974; Chleborad, 2000; Baum and others, 2005) . The observation that landslides occur primarily during the rainy season at times when the soil is relatively wet indicates that an antecedent soil moisture threshold must be exceeded before the ID can be used. Godt (2004) and Godt and others (2006) developed the AWI as an approximate measure of antecedent soil moisture.
(1a) (1b)
In equations 1a and 1b, k d is an empirical drainage constant (0.01 for rainfall in millimeters or 0.254 for rainfall in inches), ∆t is the time increment, I i is the current rainfall intensity minus the evapotranspiration rate, and the subscripts t and t-1 refer to the present and previous time steps. The AWI was defined in such a way as to mimic instrumentally observed variations in soil wetness (Baum and others, 2005) . However, the AWI does not account for the time lag that results from downward movement of rainwater through the soil and thus usually leads the actual soilmoisture response by several hours.
Exceedance Statistics
An ideal rainfall threshold would always discriminate between conditions that produce landslides and those that do not. In reality, precipitation-induced landslides in Seattle have sometimes occurred when conditions were below the thresholds, and conditions above the thresholds have not always produced landslides (or else the landslides were not recorded). Consequently, statistical analysis of historical records with respect to the thresholds indicates the degree of certainty or uncertainty in forecasts based on the thresholds.
In an effort to characterize the strengths and limitations of the CT, we analyzed hourly rainfall data from the Seattle raingage network to determine how many times the CT has been exceeded during the period when hourly data were available for the network . We also compared landslide activity (as indicated by our database of 577 landslides that occurred in Seattle from 1978 to 2003) to threshold exceedance to characterize the predictive skill of the CT. Subsequently, we used the landslide and rainfall data to estimate the probability of various levels of landslide activity when the thresholds have been exceeded.
Analysis of hourly data from the 17 rain gages in Seattle's network indicated that the CT was exceeded about 4.4 percent Exceedance at individual gages ranged from 2.6 to 8.6 percent of the time (table 3) . Threshold exceedance resulted from an average of 94 distinct events (62-154 distinct events at individual gages), of which an average of 85 (90 percent) were during the wet season. Only a fraction of these coincided with landslides near any individual gage. For example, a total of 105 separate events (continuous periods) exceeded the CT at gage 14 in west Seattle, and (assuming that there were few unreported landslides) only 40 percent (42/105) coincided with landslides that were within the domain of gage 14, which has more recorded historical landslides in its domain than any other gage (table  3) . At the other gages, 4-41 percent of exceedance events are correlated with landslides. Considered on a day-by-day basis, the probability of landslides occurring on a day when the CT is exceeded ranges from about 1 to 10 percent depending on the gage (table 3) . These low percentages correspond to a high proportion of false positives and indicate that additional factors may need to be considered in using the CT to forecast landslide activity in specific rain-gage domains.
We compiled statistics on CT exceedance for the three nearest gages to each of the 577 landslides (right column, table 1) to investigate the effect of spatial variability of rainfall on the frequency of CT exceedance for various levels of landslide activity (tables 4, 5, and 6). Joint exceedances at neighboring gages were not computed but must be high for events of three or more landslides, given that exceedance is greater than 90 percent at most gages. As a result of missing rainfall data spanning periods of months or years at four of the rain gages, exceedance statistics are not available for all landslides. The percent exceedance at the nearest gage, A, and the next-nearest gage, B, agrees within 1-2 percent (table 4). The percent exceedance between the nearest, A, and third-nearest gage, C, agrees within 3 percent. Although the high agreement between landslide events and exceedance is encouraging, it does not guarantee highly accurate predictions of landslides given threshold exceedance. The exceedance statistic is similar to the conditional probability of an exceedance given a landslide; operationally, we need an estimate of the conditional probability of a landslide given an exceedance.
The three nearest gages agree 86-92 percent of the time when the nearest gage is showing either exceedance or nonexceedance (table 5). The relatively high agreement between gages indicates that spatial variability, during the wet season, of rainfall with respect to the CT is sufficiently low that observations from gage B or C can probably be substituted for observations at gage A.
Statistics in table 6 show exceedance with respect to landslides and days on which landslides occurred. Focusing first on landslides, a high percentage of landslides in our database have exceedance at one or two rain gages, 78-82 percent for the entire database of 577 landslides. Many landslides occur in the same 3-day period (446 of 577) or on the same day (393 of 577) and in both cases, a very large percentage (93-97 percent) has exceedance at one or two rain gages.
Focusing on days rather than landslides, statistics in table 6 indicate that, of the 172 days on which landslides in our database occurred, only 53 percent had CT exceedance. The CT failed to predict 47 percent of days on which landslides occurred; however, this is not an indicator of how reliable thresholds are as predictors. Chleborad (2003) found that a majority of landslides that occurred below the CT had a reported or identified human influence. Although about one-half the landslide days are predicted, the predicted days account for about 80 percent of the 577 landslides. Failure to predict greatly decreases if the landslide intensity increases. Of the 172 days, only 55 correspond to periods of three or more landslides in 3-day periods (three in 1 day, two in 1 day and one another day, or one each on 3 successive days). There is some overlap between the 3-day periods because 55 is not evenly divisible by 3. However, a high percentage has exceedance at one (84 percent) or two (73 percent) gages. Finally, of the 172 days, only 20 correspond to days of three or more landslides in 1 day, and a similarly high percentage had exceedance at one (85 percent) or two (74 percent) rain gages. Table 6 shows that a large fraction of the landslides occurred on multiple-slide days and that multiple-slide days show a small failure to predict using the CT. What remains is to determine the prediction probability given the rainfall threshold criterion.
Probability Estimates Landslide Probability Given Cumulative Threshold Exceedance
The exceedance statistics indicate that the CT has been exceeded for the vast majority of landslides that have occurred in groups of three or more, and it has often been exceeded on days when only one or two landslides have occurred. Therefore, the CT is a potentially useful indicator of conditions required for the occurrence of precipitation-induced landslides. However, rainfall thresholds are imperfect predictors of landslides, so probability estimates are needed to qualify forecasts of landslide occurrence that are based on the exceedance of a threshold. We estimated the probability of various levels of landslide occurrence when the CT has been exceeded as a guide for making decisions related to emergency preparedness (table 7). Probability of a specified number of landslides occurring on any day when the CT has been exceeded are based on analysis of historical records of landslide activity and rainfall at the gages in the Seattle rain-gage network.
Procedure
The large number of gages presents a number of possibilities for computing the probabilities, so we chose a procedure consistent with how we believe the CT would be used in forecasting landslide activity. Rainfall amounts and frequency of landslides vary spatially throughout the city, and landslides usually (but not always) occur near a gage where the CT has been exceeded, so exceedance of the CT at any of the 17 rain gages in the network indicates that landslides may occur somewhere 
Rain gage number
Missing Table 4 . Exceedance statistics for cumulative 3-day and previous 15-day threshold (CT) at the three nearest rain gages to each landslide in the database.
[Gages A, B, and C are the three rain gages nearest to a landslide in the database, with the distance increasing in order from A to C. P 3 is the cumulative rainfall during the 3 days (72 hours) before the landslide, and Table 5 . Rain-gage agreement with regard to exceedance or nonexceedance of cumulative 3-day and previous 15-day threshold (CT).
[Gages A, B, and C are the three rain gages nearest to a landslide in the database, with the distance increasing in order from A to C. [Values based on records at the 17 rain gages in the Seattle rain-gage network. G denotes the average number of rain gages that were above the threshold on days when the specified number of landslides occurred; I 6 denotes the running 6-hour intensity. The CT was exceeded 1,182 days at one or more rain gages and 760 days at three or more gages throughout the city, out of 9,477 possible days. The CT was exceeded in combination with measurable rainfall (I 6 >0.001) on 974 days at one or more rain gages and 601 days at three or more rain gages. in Seattle or its immediate vicinity. Consequently, we computed the probabilities based on the number of days on which one or more landslides occurred and rainfall exceeded the CT all or part of the day at one rain gage (table 7) . To simplify calculations, we used days of CT exceedance at only one rain gage rather than trying to use data from three neighboring gages as in the previous section. We divided this number of days by the total number of days at which rainfall amounts exceeded the CT at any rain gage in the network so that no single rain gage was favored. Although data from any gage can be used in actual operation of a landslide forecasting system, it is best to rely on redundant gages whenever possible. Rainfall has occurred on most days that had significant numbers of landslides, so we also computed probability of landslide occurrence on days when more than 0.01 inch of rain fell (expressed as a non-zero 6-hour intensity). Finally, we computed the probability of landslides occurring on days when the CT had not been exceeded by dividing that number of days by the total number of days when the CT was not exceeded at any rain gage in the network. Table 7 shows our estimates of the probability of various numbers of landslides (left column) of occurring, given exceedance of the CT and nonexceedance of the CT (failure to predict). Of the 1,182 days when the CT was exceeded at one of the rain gages, one or more landslides occurred on 99 of those days, for a probability of 8.4 percent. Many of the days on which the CT has been exceeded were also rainy days; considering only rainy days when the CT was exceeded results in slightly higher probability of landslide occurrence. One or more landslides occurred on 91 of the 974 days on which the CT was exceeded and it rained, for a probability of 9.3 percent. In either case, exceedance of the CT indicates about a 10-percent chance of one or more landslides occurring, which is sufficient cause to alert officials and the public of the increased likelihood of landslides while the CT is exceeded.
Probability Estimates for Cumulative Threshold Exceedance
Identifying days when a high probability of multiple landslides exists requires additional information. Looking down the columns of table 7 for days on which the CT was exceeded, the probability decreases as the number of landslides per day increases. Of the 99 days on which one or more landslides occurred and the CT was exceeded, only 3 of those days had 50 or more landslides. Large events (50 or more landslides) have a 0.25 percent (3/1,182) chance of occurring on days when the CT has been exceeded and are extremely unlikely to occur when the CT has not been exceeded. Factors that help distinguish events that have large numbers of landslides from those that have small numbers of slides include the number of rain gages at which the CT has been exceeded, and rainfall intensity. The CT was usually exceeded at several rain gages on days when one or two landslides occurred and was exceeded at all working gages on days when large numbers of slides (50 or more) occurred, as shown in the columns marked G in table 7.
Failure to Predict for Cumulative Threshold
Almost one-half (73 days) of the 172 days on which landslides occurred were on days when the CT was not exceeded; however, the frequency of these landslides is relatively low (table 7) . One or more landslides occurred on 73 of the 8,295 days when the CT was not exceeded, for a probability of 0.88 percent. Days of multiple landslides when the CT was not exceeded were even fewer. A total of 86 of the 577, or only 15 percent, landslides in the database (table 1) occurred on days when the CT was not exceeded. Thus, although the absolute number of days when the CT failed to predict landslides was fairly high, the rate of failure is low.
Landslide Probability for Intensity-Duration Threshold and Antecedent Water Index Exceedance
As noted previously, Godt (2004) and Godt and others (2006) developed a rainfall intensity-duration threshold (ID) and an antecedent water index (AWI) for Seattle in an effort to define a predictor of precipitation-induced, multiple-landslide events. Baum and others (2005) computed probability estimates for the ID and AWI in a manner similar to those presented in table 7, except that the average number of periods when the ID was exceeded at all gages was used as the divisor, rather than the total days exceeded as in table 7. Here, we have recomputed the probability using the total number of days the ID was exceeded at any rain gage in the network in order to facilitate comparison between the probabilities of landslide occurrence when either threshold (CT or ID) has been exceeded (table 8). Table 8 is organized in a similar manner to table 7 and shows the estimated minimum probability of one or more landslides given exceedance of the ID and AWI at any rain gage in Seattle's network. The ID has a much lower rate of exceedance (0.17 percent) than the CT (4.4 percent). Consequently, the probability of landslide occurrence when the ID or the combined ID and AWI are exceeded is several times greater than when the CT is exceeded (tables 7 and 8). Landslides occurred on 36 of the 120 days when the ID was exceeded, for a probability of 30 percent, which is much higher than the probability of landslides given exceedance of the CT (table 7) . Combined exceedance of the ID and the AWI results in slightly higher probability, 32 percent (28/87). As with the CT, probabilities are lower for multiple landslide days, but the probabilities are greater than for exceedance of the CT (tables 7 and 8). Note also that the number of rain gages where the ID was exceeded increases with the number of landslides.
Probability Estimates for Intensity-Duration Exceedance
Failure to Predict for Intensity-Duration Threshold and Antecedent Water Index
Exceedance of the ID at any rain gage in the city predicted only 21 percent (36/172) of days when landslides occurred. These days account for 207 (36 percent) of the 577 landslides in the database (table 1). The higher probabilities of landslides given exceedance of the ID and AWI (table 8) compared to probabilities given exceedance of the CT (table 7) come at the cost of missing a larger proportion of days when one or more landslides occur and missing days when rapid snowmelt is a factor. The ID predicted only 36 days on which landslides occurred and did not predict 136 days. Many days when 1, 2, or 3 landslides have occurred had no rainfall or only low-intensity rainfall, so the ID predicts only a small proportion of days on which small numbers of landslides occur. The value of the ID is in predicting days when larger numbers of landslides are likely to occur. However, the ID also failed to predict 3 days when five or more landslides were reported: December 31, 1996 (10 landslides); January 1, 1997 (187 landslides); and November 15, 2001 (8 landslides). The landslides on November 15, 2001 occurred the day after a storm that exceeded the ID, and the other 2 days were associated with rapid melting of a heavy snowpack.
Neither the ID nor the 3-day/15-day CT specifically accounts for snowmelt, so additional factors must be considered when snow is on the ground (Chleborad, 2000) . However, the daily contribution of snowmelt was estimated for the January 1, 1997, landslide event as part of the analysis to identify the CT (Chleborad, 2000) , suggesting the feasibility of estimating equivalent precipitation amounts for applying the CT during snowmelt events. In operational use of the thresholds, snowmelt should be considered when more than 6 inches (15 cm) of snow is on the ground. Freeze-thaw is also suspected of initiating landslides (Tubbs, 1974) ; however, we have insufficient data to account for that factor.
Function of Area of Exceedance in Improving Predictions
As previously noted in tables 7 and 8, the number of landslides that occur on a given day tends to increase with the area over which the threshold has been exceeded (and probably how much the threshold has been exceeded). Table 9 indicates the probability of landslide occurrence when the ID and combined ID and AWI have been exceeded at any 3 gages and any 10 gages in the Seattle network. The probabilities for exceedance at any three or more gages (table 9) are about one-third higher than computed based on exceedance at a single rain gage (table  8) . The probabilities of landslides given exceedance at 10 or more gages (table 9) are more than twice as high as probabilities computed on the basis of exceedance at a single gage (table 8) .
Comparing the upper and lower parts of table 9, the probability of landslides occurring is about 1.5 times higher on days when rainfall at 10 gages exceeds the ID than when rainfall at only 3 gages exceeds the ID. Regardless of the number of rain gages, the probability of landslide occurrence is somewhat greater on days when the ID and AWI are both exceeded.
Although not shown in table 9, the added criterion of exceedance at 10 rain gages slightly increased the number of days when landslides were not predicted and further reduces the number of landslides predicted. Exceedance of the ID at any 3 rain gages predicted about 33 percent of the landslides, and exceedance at any 10 gages predicted about 32 percent, compared with 36 percent for exceedance at any single rain gage. The criterion of exceedance at multiple rain gages increases the confidence in prediction of larger numbers of landslides, at the cost of missing most events that include only a few landslides. However, as a result of their low frequency, events with 50 or more landslides still have probabilities below 10 percent given exceedance of the ID or ID and AWI at 10 rain gages. Table 8 . Minimum probability of landslide occurrence in Seattle relative to the rainfall intensity-duration threshold (ID) and ID combined with the antecedent water index (AWI) based on number of days the threshold was exceeded at any rain gage from [Values based on records at the 17 rain gages in the Seattle rain-gage network, G denotes the average number of rain gages that were above the threshold on days when the specified number of landslides occurred. The ID was exceeded on 120 days, at any gage throughout the city, out of 9,496 possible days. The ID and AWI, combined, were exceeded on 87 days. %, percentage.] Probability, P, of N or more landslides on a day when conditions satisfied Landslides per day ID exceeded at one or more rain gages 
Other Factors Affecting Rainfall Measurements and Threshold Exceedance
The issue of rainfall spatial variability has not been specifically addressed in this study, but variability over the distances involved can significantly affect estimates of cumulative precipitation or rainfall intensity and duration. Distances between landslides and corresponding rain gages have a mean value of 2.9 mi (4.6 km) and a standard deviation of 2.2 mi (3.5 km). Analysis of the frequency of rainfall threshold exceedance at the various gages (tables 3, 5, and 6) indicates that variability over some of the distances involved can significantly affect estimates of 3-day and prior 15-day precipitation. In addition, variability and possible errors associated with rain-gage design and placement have not been examined. For example, snowfall and wind conditions may significantly affect data accuracy. Landslide-prone areas in Seattle and vicinity have been mapped or identified in numerous studies and landslide recurrence intervals for the areas have been estimated (for example, Tubbs, 1974; Laprade and others, 2000; Baum and others, 1998; and Coe and others, 2004) . Since variability with distance appears to be a significant factor, deployment of rain gages in known landslide-prone areas, or areas with a high frequency of landslide occurrence, could significantly reduce distances between future landslides and rain gages used to estimate amounts of antecedent precipitation and rainfall intensity, thus improving the rainfall estimates.
Conclusions
Despite uncertainties introduced by available rainfall data and historical records of landslide occurrence, our statistical analysis provides a basis for assessing the potential usefulness and reliability of the thresholds for emergency response planning. Due to underreporting of landslides, the computed probabilities are considered to be minimum values (tables 7, 8 and 9). Although many isolated landslides have occurred on days when the thresholds have not been exceeded, the CT was exceeded on more than 90 percent of 1-day and 3-day events with three or more landslides (table 4). Frequent exceedance of the CT (table 3) results in low to moderate probabilities of landslides occurring on any given day when the CT has been exceeded (table 7) . Less frequent exceedance of the ID results in relatively higher probabilities of landslide occurrence, particularly as the number of rain gages at which the ID is exceeded increases (tables 8 and 9). Information about soil wetness helps to further reduce uncertainty about the likelihood of landslides (Baum and others, 2005) . Although the computed probabilities indicate that considerable uncertainty exists even when the ID is exceeded at multiple rain gages and the AWI (or field instrumentation) indicates wet soil conditions, the probability of landslides under Table 9 . Probability of landslide occurrence in Seattle relative to the rainfall intensityduration threshold (ID) based on number of days the threshold was exceeded at 3 or more and 10 or more rain gages from 1978 to 2003
[Values based on records at the 17 rain gages in the Seattle rain-gage network. G denotes the average number of rain gages that were above the threshold on days when the specified number of landslides occurred. Over the entire network, the ID was exceeded on 64 days at 3 or more gages and 31 days at 10 or more gages. The combined ID and Antecedent Water Index (AWI) were exceeded on 48 days at 3 or more gages and 21 days at 10 or more gages. %, percentage] Minimum probability, P, of N or more landslides on a day when conditions satisfied these conditions (table 9) is sufficiently high to warrant higher levels of warning than indicated by exceedance of the CT alone.
Experience in using the thresholds and other information will likely result in identification of new or additional criteria for increasing confidence in forecasts of landslide occurrence. Probability of landslide occurrence may change over time in the event of changing land use, local climate, or implementation of landslide-mitigation measures in hillside areas. Improved record keeping for future landslide events may some day allow for improved estimates of the probability of landslide occurrence on condition of rainfall threshold exceedance. 
